Abstract. Parameters of a shot of an ice hockey player are mostly determined by the capabilities of the player itself and the stick that is used. However, every hockey player uses also hockey tape for an adjustment of the stick blade to get better skills in shooting, passing and stickhandling the puck. Properties of the tape like thickness, roughness and the way of application influence the quality of the stick in terms of weight, balance and blade surface and therefore also the performance of the player itself. Within our analysis we have focused on the influence of the tape on specific capabilities of the players, namely the Wrist shot and the Slap shot. In cooperation with a set of players ranging from amateurs and junior players to NHL superstars, we have measured the properties of their shots using two different taping methods and tape materials on the blades of their sticks. For our analysis, we have chosen one traditional tape (rolled onto the blade, Renfrew hockey tape [1]) and one alternative tape product that comes in a form of a blade sticker that adheres to both sides of the hockey stick blade (Specter hockey tape [2] ). We have shown that shot speed, puck rotation and overall energy of the shot have increased using the latter with statistical confidence of more than 99%.
Introduction
Ice hockey sticks have experienced a gradual development in recent decades. Progress in material science allowed to replace widely used wood by composite materials that present the standard for hockey players worldwide today. Some sources claim that the shift from wood to different materials was initiated by the Dutch elm disease [3] that made the hockey stick manufacturers look for different solutions.
Broad usage of new materials like aluminium and composites has become an interesting topic for research as well. Interestingly, the performance of wooden sticks was shown to be superior to the performance of composite sticks [4] . Stick stiffness has been proven to directly influence performance [5] and the hockey sticks blade position and response was proven to affect the skills of the hockey players [6] . Studies [7] even found the ideal zone for the blade to impact the ice for maximum shot speed and prove that puck speeds increase when impact happens closer to the toe of the blade. However, the effect of hockey tape on performance has not been addressed so far, except for Frayne et al. [8] who concluded that the tape used in the study did not have a positive effect on performance.
Contrary to the sticks itself, tapes covering the blades encountered only little development in recent decades. Whereas today's sticks for the best players are designed on a personal basis, the variety of tapes is limited and those most widely used are still utilising standard combination of textile and glue. These traditional hockey tapes have several clear disadvantages, from short life-cycle, dependency on the exact way of application, an uneven step-like structure on the blades surface and attraction of ice and water, resulting in weight gain and negative influence on the balance of the hockey stick. This is especially important today, when stick manufacturers race to offer sticks as light as possible while still providing the players with maximum performance. Hockey players tend to minimise the negative effects mentioned above by cutting, waxing, exchanging or adjusting the tapes based on their individual preference.
This opened space for developing alternatives to classical tapes using new materials and techniques. New products -stickers -can guarantee properties that are unreachable by classical tapes, namely better control of the puck due to increased friction, more stability due to even structure and higher durability. Also, generally thinner stickers have lower damping during the hit, which shall result in more effective transport of energy from player to the puck and thus higher shot speeds.
To confirm the latter, in this analysis we investigated the stick blade taping methods and their influence on shot performance. The spectrum of traditional tapes that come in a roll and are winded onto the stick based on preference of individual players, is rather broad. From the following products: Howies Hockey Tape [9] , Renfrew Pro [1] and Comp-o-Stik [10] we decided to select Revfew Pro as a very popular product among the tested players. For alternative tape products from the spectrum of BladeTape [11] , BladeShark [12] and Specter Hockey Tape [2] we went for Specter as the one readily available.
This study focuses on the influence of the two chosen tape products on the speed and rotation of the puck. We have examined two types of shots that are most widely used in ice hockey, namely the Wrist shot and the Slap shot [13] . The first one is quicker in release and players use it to surprise the goalkeeper, when shooting covered by a defender. The Slap shot is the most powerful shot with the highest speed, although it takes more time to carry out and allows the goalie to prepare.
We have invited a set of 13 players (9 lefties and 4 righties, see Figure 1 ), ranging from skilled amateurs through junior players to top NHL professionals like Zdeno Chára from Boston Bruins and Tomáš Tatar from Montreal Canadians, who count among the best players in the world. All players have carried out a series of Wrist shots and Slap shots with their regular equipment (hockey stick and gloves). The use of own gloves and sticks guarantees that the observed outcomes show only the influence of the tape itself.
The players first shot with Renfrew tape on their blade, wrapped from heel to toe, then the tape was removed and on the same stick Specter tape was applied. After a break of 10 minutes a series of the same shots was carried out. The hockey sticks used by the players were the following brands: CCM [14] , Bauer and Easton [15] , Sher-wood [16] and Warrior [17] .
We have only analysed shots that hit a defined part of the goal, to prevent unaimed shooting. Using a high-speed camera and coloured dots on the puck we have read out both the speed and rotation frequency of the puck. Speed of the shot was measured using a speed gun as well, but its unreliability and low precision prevented from further use of these results. We have seen that for most players both speed and frequency of rotation of the puck increased for both types of shots using Specter tape in comparison to Renfrew tape. Whereas for individual players the results varied depending on the type of the shot and other parameters, the collective statistics showed rather smooth results confirming the increase in both speed and frequency with almost certainty, while the expected increase was in the order of a few percent. This study is organised as follows: First, in Section 2, we describe the setup, conditions and methodology of the experiments performed with both Renfrew and Specter as well as precision and pre-processing of data obtained for individual players. In Section 3 we present the data obtained from the experiments, as well as its statistical analysis. In Discussion part (Section 4) we discuss the results and their effects within the game, while in Appendix details of the collective statistical analysis are explained.
Methods

Experimental methods
All experiments involving direct human intervention are by definition endangered by influence of instability of conditions. This is why the primary motivation for setting up the experiment was to guarantee the most stable conditions for shooting players. Use of own equipment (stick, gloves), stable shooting conditions (shooting mat), stable room temperature and lighting guaranteed as stable experimental conditions as possible.
Experiments were carried out in the Hockey Development Centre [18] , the leading hockey training and diagnostic centre for individual and group player training on ice, skating mill and dry land training in Bratislava, Slovak Republic. Players were shooting from stand and the puck was placed on a shooting mat, simulating conditions on ice. Distance to goal was approximately 6 meters, as described on the sketch of the situation in Figure 2 . Only those shots were taken into account that fitted into a small region of the goal marked by strings and spanning. The defined part of the net was a rectangle of 90 cm x 82 cm placed 20 cm above the surface. Taking into account the findings of Paquette et atl. [19] , the defined part did not include the top of the net. We decided not to include the bottom part of the net either and only shots, where the puck was not sliding on the surface were considered successful, to prevent possible influence of the surface. Players were expected to shoot four series of 10 successful shots first using Renfrew tape for Wrist and Slap shots and then using Specter tape, again for both Wrist and Slap shots. The overall efficiency of shots was more than 80% and the maximum number of shots needed for a single series was 16.
The whole experiment with one player took about 45 minutes, including a few minutes break needed to exchange tapes. During this time period each player shot roughly 50 shots, what is comparable to a usual one hour training on ice, where further exercises are carried out as well. We haven't seen any statistically significant correlation between the time (order) of the shots and the speed or rotation frequency, so we can conclude that any effects connected with tiredness have only negligible influence on the results. Also, to avoid any possible false positive influence, shots with Specter tape were taken after the shots with Renfrew tape.
Shots were recorded about 2 meters from the release point with a digital high speed camera Sony RX100-V [20] on full HD resolution and 1000 fps. Three to four coloured dots (depending on the run) of different colours were positioned on each puck, one in the middle and the rest on the edge. Pucks were only coloured with paint to not influence the weight of the puck and to provide a smooth shooting motion for the players since we aimed to keep the conditions as stable and familiar as possible for the players. Videos were then down-sampled by a factor of four and analysed by a tracker software. For some particular runs the software was not able to provide results due to low visibility of one of the dots or because of puck topple; in such cases the recording was analysed frame by frame by hand.
Depending on the actual speed, about 30 frames were captured for each shot and on each frame the size of the puck (measured as the distance between middles of points on the edge) was about 35 pixels. This allowed to see about one period of rotation of the disc which was enough to calculate speed, rotation and energy of the individual shots. 
Precision
An area of about 1 meter long was covered by the camera with 1980 pixels, leading to the resolution of about 0.5 mm per pixel. In post-processing the resolution was decreased for the tracker software by a factor of 2 in each axis, changing the resolution to about 1 mm per pixel. The size of the dot on the puck was about 5 mm in diameter with a precision of up to 1 mm, making it comparable to the pixel size. This led to a precision in speed of almost 0.1%, much better than the differences between different shots of the same type of the same player.
Rotation was read out using a series of angles formed by two dots placed closed to the border of the puck. With 76.2 mm diameter of the puck the distance between centres of the dots was about 50 mm, leading to a precision of 2 − 4% in the angle. This is significantly worse then the speed itself, so frequency was calculated using the best linear fit of the increasing angle. Using this method the correlation coefficient between the experimental data and fit was in most cases in the range between 0.8 and 0.9.
Lower precision in the frequency readout was connected also with the fact that the rotation of the puck was not necessarily always performed around the main canonical axis. In many cases the puck was also carrying out precession, which led to deformation of the image of the puck and complications in read-out. However, all these effects were clearly having smaller impact onto the final results then the instability of the shots by individual players themselves.
Individual players' statistics
In the first step, statistical analysis was performed for each individual player. Expectantly, the stability of shots for each player was not perfect, due to unavoidable human influence. This is why we first decided to remove outliers from the raw data by arguing that some of the shots might have been simply spoiled.
Outliers were defined as lying outside Tukey's fences [21] , i.e. of the interval
where Q 1 and Q 3 are the first and third quartiles and IQR refers to the interquartile range:
First we tested the level of correlation between the results in speed of the shots and frequency of rotation of the shots. The correlation coefficient for all available data (all players all shots) was at the level of 0.66. This means that there is a reasonable, although not extremely strong, correlation between the two types of data. Based on this we decided to take each shot as a single event with two parameters (speed and frequency of rotation) and, if needed, to remove the shot as a whole, i.e. both the speed and the rotation from further consideration.
For each set of about 10 shots of the same parameters (type of the shot and taping method) we first defined outliers independently for speed and frequency of rotation, according to (1) . Then all shots where either speed or frequency was specified as outlining were removed. This, in most of the cases, led to removal of no more 20% of shots. One would naively expect that such removal would lead to generally higher result in both parameters, but it turned out this was not the case -number of "spoiled" shots was in fact comparable with the number of shots that were extraordinarily good. However, as we were not that much interested in the parameters as such than rather in their change depending on the taping method, even a possible drift in the results would not be a problem, as long as it would stay consistent for all types of shots and taping methods.
For each player independently both speed and frequency of rotation were evaluated for both types of shots and taping methods. To answer the question "How did the speed or frequency change using the Specter tape compared to using Renfrew tape?", relative gain (in per cent) was defined:
where X is the parameter of interest, in our case average speed or average frequency of rotation for each player and type of shot. Relative gain is a measure of impact of the taping method on shooting performance of each player: positive gain implies increase in performance with Specter compared to Renfrew, negative gain a decrease in performance.
The effect on using of Specter for each player was thus characterised two numbers, gains for speed and rotation. To obtain a unifying parameters, we also processed the primary data to answer the question "How did the energy of the shot change using Specter tape compared to using Renfrew tape?". Kinetic energy of a moving and rotating puck is defined as:
where m is puck's mass, I = 1 2 mR 2 is puck's moment of inertia for rotation around its canonical axis, R is puck's radius, v is its speed, ω = 2πf stands for angular speed and f is rotation frequency.
The parameter of energy is interesting due to two reasons -first, it combines in a neat way both speed and frequency of rotation and characterises the shot by a single parameter. Second, the energy is, in the end, the physical entity that needs to be transferred from the player via the stick to the puck -shooting twice as fast needs four times more effort, as four times more energy is needed for such a shot.
Collective statistics
Expectantly, the results for individual players are not particularly stable. This is basically due to two different reasons. This first one is obvious -each player has his own technique, that might be more or less adapted for using a different taping method. The second is clear as well -having about 10 shots per player is statistically not enough to draw definite conclusions. 40 total shots were however chosen keeping the possible tiredness of players in mind as the maximum amount of shots during the session, where we can be certain that with regular breaks between shots tiredness will not be a factor.
It is, however, not possible to compare primary data of different players directly. Naturally, the best ice hockey players worldwide will have a stronger shot than amateur players, independently on the taping method. This is why we decided to compare gains, as defined in (3), which measure relative change in performance for each player. Gain is expected to remain more stable across players. Therefore, we use gain as the parameter in further statistical analysis.
To determine whether the effect of Specter on parameters of shots is significant, we performed statistical tests on gains. Depending on whether the sample to analysed comes from a normal distribution, two types of tests are used: Student's t-test for normally distributed data and Wilcoxon signed rank test for samples, which do not fulfil the condition of normality. In our case, Wrist shots were analysed using Student's t-test whereas for Slap shots, Wilcoxon signed rank test was used. Unlike for Wilcoxon test, output of t-test also includes confidence intervals, therefore the 90% and 95% confidence intervals have been calculated only for Wrist shots.
Details of statistical analysis are provided in the Appendix.
Results
We analysed results for 13 different players with various experience and skill level. 3 NHL professionals (Zdeno Chára, Tomáš Tatar, Martin Bakoš) were joined by junior, senior and amateur hockey players with above average shooting skills. 12 players completed the experiment, 1 player was excluded because his stick broke during the experiment.
Speed
We have analysed the change of the speeds as a result of using a Specter tape on the blade for both Wrist and Slap shot. Summaries of results are shown in Figures 3 and 4 .
In Figure 5 we show the comparison of speeds with Renfrew tape and Specter tape for individual players.
One can see that the results obtained show consistent increase of speeds, albeit comparable or smaller than the standard deviation of individual shots.
Rotation
Here we present the same type of results as in the previous subsection for frequency of rotation of the puck. Summaries of results are shown in Figures 6 and 7 . In Figure 8 we show the comparison of rotation frequencies with Renfrew tape and Specter tape for individual players.
Similar to the speeds, the gain in frequencies is positive in almost all cases, however comparable or smaller than the standard deviation. On the other hand, both the average and the deviation are larger than for speeds due to lower stability of the shots for most of the players.
Energy
In previous subsections we have shown the results for speed and rotation frequency. These two parameters can be neatly joined into a single one -the energy of the shot (4). In fact, the energy itself expresses in a good way the capability of the player and his equipment -the more energy can he transfer into the puck, the faster if flies and rotates.
We show the gains in energy of individual players by using Specter tape in Figure 9 . One can see that in almost all cases the gain is positive and in some cases relatively high: four players achieved the gain of more than 10% and one of them even almost 20%. One can see that for all Wrist shots and all but one Slap shots, the gain is positive. It is also interesting to see that a few players have the increase larger than 10%, which seems to be a really significant value.
Collective statistics
As discussed in the previous subsections, the results for individual players show a clear trend of rise in all parameters. To be able to draw more general conclusions, we need to take a look at collective statistics. This can be visualised in a form of boxplots (Figures 10a, 10b and 10c) . In each boxplot, median (horizontal line) and mean (full circle) of the sample are shown. The box encloses the middle 50% of data, i.e. data lying between the first and third quartile (lower and upper hinge). Vertical lines point to inner fences, as defined by (1) . Coloured small circles are individual data points, corresponding to each boxplot (value of gain for each player). Dashed horizontal line denotes zero gain.
The plots suggest that the gain is consistently higher than zero for all parameters. In other words that players perform better when using Specter compared to using Renfrew tape. To verify this, we performed statistical tests on gains, as described in Appendix. Results of the tests are shown in Tables 1 and 2 . Several conclusions can be drawn here. The first and most obvious conclusion is that with very high confidence (higher than 97% for all cases) the Specter tape enhances player's performance in all relevant parameters -that means a player will achieve higher speed, rotation frequency and energy of the shot using Specter tape when compared to Renfrew tape.
Furthermore, while the average gain in rotation is higher than in speed (in fact more than double), the associated uncertainty is higher as well. This leads to the fact that the gain expected with very high probability is smaller than that for speed.
The differences between the medians of Wrist and Slap shots are not significant -to verify if there is any difference between the effect of the Specter tape on the two types of shots, more data would be needed. Interestingly, the spread between players in rotation frequency of Wrist shots was much larger than for Slap shots, though the average and median gains are similar. Also, judging from individual statistics (Fig. 10b) , Wrist shot rotation gain for each player is less stable than Slap shot rotation gain. This may be due to the different technique of the shots: in Wrist shots, the puck is sliding along the whole blade before it is released, while for Slap shot this is not the case. One can also see that while the gain in speed and energy is slightly smaller compared to Wrist shots, the gain in rotation is higher.
The energy gains -both averages and confidence interval limits -are in all cases very close the twice the values for speeds. This is due to the fact that, as expected, the energy is mostly determined by the speed of the puck and the speed enters the energy in the second order. 
Data Availability
The data sets measured and analysed during the current study are available from the corresponding author on reasonable request.
Discussion and Conclusions
We have analysed the influence of the method of taping of blade of an ice-hockey stick on both speed and frequency of the rotation of the puck. The analysis was performed by taking high-speed video recordings of shots of 13 different hockey players of different levels of skills and analysing it via a tracker software. We have also calculated the energy of the shots as a unifying parameter for both speed and frequency of rotation.
We have seen that due to instability of the individual shots, it is rather hard to draw any conclusions for individual players. Each of them shot at least 10 shots both with the Renfrew tape and Specter tape, both by Wrist shot and Slap shot. It was not possible to increase the number of shots by one player due to different reasons -if doing more at once, it would lead to increased tiredness and decrease of performance. On the other hand doing it in more shifts would make it complicated to guarantee the same outer conditions, in particular the overall performance level of the player, and it would be also complicated to adjust with busy schedule of the most prominent players.
With these limited number of shots we have seen that for most cases, i.e. almost all players for all or almost all parameters, the Specter tape led to increase in performance: the shots were quicker and had higher frequency of rotation, which makes them more stable on one side and harder to track by the goalie on the other. In most cases the gain for individual players was smaller than the standard deviation. This is why we also performed collective statistical analysis. As parameters of shots vary greatly from player to player, we compared the gains as the unifying parameters and performed statistical tests on them (Student's t-test and Wilcoxon signed rank test). We have seen that with very high confidence one can conclude that the Specter tape leads to higher speed, rotation and energy of the shots. The expected gain is roughly 2.5% in speed, which translates (depending on the player) to about 0.75 m/s or almost 3 km/h. For Wrist shots, when shooting from 10 meters, it makes a difference of about 28 cm in the shot trajectory, which is comparable to the diameter of the goalie catching glove. For Slap shots, when shooting from the blue line (17, 3 meters), the average difference is as large as 40 cm.
The average gain in rotation is about 6%, however it is much less stable compared to the speed. One could speculate that this might be due to the fact that the higher roughness of Specter tape allows better results in the speed of rotation, but one needs to adjust the way one shoots to obtain it. To elaborate on this idea one would need to perform further research, comparing results of players after they started using the Specter tape and after some amount of training. Even in such case it would be hard to extract the influence of the tape itself from the overall change of the player's capabilities.
To conclude, based on the analysis we performed it is more than clear that the taping method and material that covers the blade of the stick, while thin and light, has a significant influence on both the speed and rotation of the puck. Specifically designed products such as Specter tape used in our research perform significantly better than the traditional ice hockey tape, which is still widely used. The confidence that players perform better with Specter tape compared to Renfrew tape is for most parameters higher than 99%.
Appendix: Statistical Methods
Assumption testing
First, we performed Shapiro-Wilk normality test on speed, rotation and energy gains. Results (Table 3) show that normality of all parameters can not be ruled out for Wrist shots (P > 0.05), unlike for Slap shots, where the data seem to deviate significantly from normality (P < 0.05). Therefore, for Wrist shot gains we further use parametric Student's t-test whereas for Slap shot gains we use non-parametric Wilcoxon (MannWhitney) signed rank test [21] . The research hypothesis is that gain in speed, rotation frequency and energy is significantly higher than zero, null hypotheses is that the gain is not positive. 
Results
P-values of statistical tests performed on gains are summarised in Table 4 : P-values for significance of positive gain using Specter. 
